lular nucleotides (e.g., ATP) activate ionotropic P2X and metabotropic P2Y receptors in the plasma membrane to regulate and maintain cell function and integrity. This includes the renal tubular and collecting duct system, where the locally released nucleotides act in a paracrine and autocrine way to regulate transport of electrolytes and water and maintain cell volume. A prominent role has been assigned to Gq-coupled P2Y 2 receptors, which are typically activated by both ATP and UTP. Studies in gene knockout mice revealed an antihypertensive activity of P2Y 2 receptors that is linked to vasodilation and an inhibitory influence on renal salt reabsorption. Flow induces apical ATP release in the thick ascending limb, and first evidence indicates an inhibitory influence of P2Y 2 receptor tone on the expression and activity of the Na-K-2Cl cotransporter NKCC2 in this segment. The apical ATP/UTP/P2Y 2 receptor system in the connecting tubule/cortical collecting duct mediates the inhibitory effect of dietary salt on the open probability of the epithelial sodium channel ENaC and inhibits ENaC activity during aldosterone escape. Connexin 30 has been implicated in the luminal release of the ATP involved in the regulation of ENaC. An increase in collecting duct cell volume in response to manipulating water homeostasis increases ATP release. The subsequent activation of P2Y 2 receptors inhibits vasopressin-induced cAMP formation and water reabsorption, which facilitates water excretion and stabilizes cell volume. Thus recent studies have established the ATP/UTP/P2Y 2 receptor system as a relevant regulator of renal salt and water homeostasis and blood pressure regulation. The pathophysiological relevance and therapeutic potential remains to be determined, but dual effects of P2Y 2 receptor activation on both the vasculature and renal salt reabsorption implicate these receptors as potential therapeutic targets in hypertension.
THE KIDNEYS ADAPT RENAL EXCRETION to the body's needs to maintain fluid and electrolyte homeostasis. In addition to systemic neurohumoral control, primary local mechanisms are important for renal function and integrity. Extracellular ATP and other nucleotides constitute such local intrarenal mechanisms that regulate physiological and pathophysiological functions by acting in a paracrine and autocrine way on ionotropic P2X receptors and metabotropic G protein-coupled P2Y receptors in the cell membrane. Currently seven P2X (P2X [1] [2] [3] [4] [5] [6] [7] ) and eight P2Y (P2Y 1, 2, 4, 6, [11] [12] [13] [14] receptors have been identified (1, 6, 19) . Whereas many of these receptor subtypes contribute to the regulation of renal salt and water transport, recent studies have assigned a prominent role to the P2Y 2 receptor subtype. P2Y 2 receptors are G q -coupled receptors that activate phospholipase C (PLC) and increase cytosolic concentrations of Ca 2ϩ ([Ca 2ϩ ] i ). They have been implicated in many extrarenal functions (1, 6, 20) , and their role in renal transport mechanisms is the focus of this review.
Defining the functional role of extracellular nucleotides and specific P2 receptor subtypes has been hampered by the lack of receptor subtype-specific antagonists. Moreover, ecto-nucleotidases interconvert and degrade nucleotides and generate agonists that act on other P2 receptor subtypes or activate adenosine receptors. In addition, the formation of receptor heteromultimers (e.g., between the adenosine A 1 receptor and P2Y 2 receptor) (58) contributes to a system of great complexity (1) . Despite these limitations, first information on the potential P2Y receptor subtype involved can be obtained based on their differences in agonist preference. For example, in rodents only the P2Y 2 and P2Y 4 receptor subtypes are similarly activated by ATP and UTP (1, 6) . The more recent generation of gene knockout animals has provided an invaluable tool to better define the function and relevance of P2Y 2 receptors as outlined in detail.
Since P2Y 2 receptors are typically activated by both ATP and UTP, this review discusses the renal ATP/UTP/P2Y 2 receptor system. After a brief and more general introduction of the determinants of extracellular concentrations of ATP and UTP, we will discuss in more detail the unique roles of this system in the regulation of renal transport mechanisms and its relevance for salt, water, and blood pressure homeostasis. In particular, recent studies have established the contribution of the ATP/UTP/P2Y 2 receptor system to the regulation of the open probability of the epithelial sodium channel ENaC in the aldosterone-sensitive distal nephron (ASDN) and the regulation of water transport in the collecting duct (CD). Additional studies implicated the gap junction protein connexin 30 (Cx30) , in the luminal release of ATP in murine CD and in the regulation of ENaC. These issues will be the major focus. More and more insights are also gained into the role of P2Y 2 receptors in the proximal tubule and loop of Henle, which are briefly discussed. The interested reader is also referred to recent reviews on the role of P2 receptors in renal epithelia (4, 67, 72, 87, 88) .
Determinants of Extracellular ATP and UTP
Cytosolic ATP concentrations in most cell types exceed 5 mM, which allows the cells to release physiologically relevant amounts of ATP without being compromised. Schwiebert's group (78) showed that renal epithelial cultures and cell lines derived from specific nephron segments release ATP into both apical and basolateral media with a predominant release across the apical membrane. Renal epithelial cells like other cells release ATP in response to multiple stimuli including increases in cell volume and flow rate (for a review, see Refs. 67, 78, and 88) . Under physiological conditions, at least three mechanisms contribute to the regulated release of nucleotides: exocytosis of ATP-filled vesicles, ATP release by conductive ATP transport through "ATP release channels," or by nonconductive, facilitated diffusion through an ATP transporter. In general, the molecular mechanisms involved and to what extent these mechanisms contribute to ATP release in renal epithelia are unclear (67, 78, 88) . New studies indicate a specific role for Cx30, as discussed in detail below.
Vekaria et al. (92) directly measured intraluminal ATP concentrations in micropuncture experiments in renal proximal and distal tubules of anesthetized rats. They showed that proximal tubules release ATP into the lumen with ATP concentrations in the proximal tubular fluid in the range of 100-300 nmol/l, whereas concentrations in the early distal tubule were ϳ30 nmol/l and thus significantly lower (92) . Nishiyama et al. (59) used a microdialysis method and reported ATP concentrations in the interstitial fluid of rat renal cortex of ϳ7 nmol/l, which would be consistent with a proposed greater apical ATP release in renal epithelia (78) . Nanomolar concentrations of extracellular UTP have also been detected in the medium bathing a range of different cell types (45) . More recent data on ATP and UTP concentrations in urine are discussed below. In general, measurements of nucleotides in the bulk phase are thought to underestimate the true values at the cell membrane and receptor level by at least 20-fold such that the concentrations near the membrane receptors are well within the range of receptor affinities (1, 34) .
Ecto-nucleotidases present in cell membranes degrade nucleotides, thereby modulating the ligand availability at nucleotide and nucleoside receptors (for a review, see Ref. 105) . The expression pattern of these enzymes along the nephron and CD system may provide some clues as to their function (38, 88, 91) , but little experimental data using specific inhibitors are available. Considering the current knowledge, luminal ATP released from the proximal convoluted tubule may be rather stable whereas the straight part of the proximal tubule, the thin ascending limb (tAL), and the thick ascending limb (TAL) have significant capacities to break down ATP and lower its luminal availability (88) , which would be consistent with the micropuncture data by Vekaria et al. downstream (92) . As a consequence, the luminal nucleotide milieu of the downstream ASDN may be functionally isolated, which, together with a low luminal expression of ecto-nucleotidases in cortical and outer medullary collecting ducts (CCD, OMCD, respectively) (88) may result in rather stable luminal nucleotides and allow for regulated and nucleotide-mediated autocrine and paracrine regulation of transport mechanisms as discussed below.
P2Y 2 Receptors in Proximal Tubule and Loop of Henle
Expression of P2Y 2 receptors in proximal tubule. Autoradiographical studies by Chan et al. (10) in 1998 provided evidence for binding of the stable ATP analog adenosine 5=-O- [3-thiotriphoshate] (ATP␥S) to the basolateral membrane of the rat proximal tubule, which was competitively inhibited by UTP, suggesting the presence of P2Y 2 -like receptors, i.e., P2Y 2 and/or P2Y 4 , which in rodents both bind and respond to ATP and UTP at similar concentrations. In accordance, addition of ATP or UTP to the bath of proximal convoluted tubules (including S1 segments) of isolated rat proximal tubules increased [Ca 2ϩ ] i dose dependently (3, 9) . Subsequent studies demonstrated the presence of mRNA for P2Y 2 receptors in rat proximal convoluted and straight tubule (3, 37) ( (33) . First evidence for an inhibitory influence of the P2Y 2 receptor tone on NaCl reabsorption in TAL was provided by Rieg et al. (69) , who showed that P2Y 2 Ϫ/Ϫ mice have a greater expression of NKCC2 and a greater furosemide-induced natriuresis compared with WT mice. Zhang et al. (102) confirmed greater medullary and cortical expression of NKCC2 in the kidney of P2Y 2 Ϫ/Ϫ mice. This effect of the ATP/UTP/P2Y 2 receptor system may serve to inhibit and limit NaCl reabsorption in the TAL during an increase in flow rate and NaCl delivery, which may support and interact with the adenosine system in the metabolic control of TAL function (90) .
P2Y 2 Receptors in the Distal Nephron and CD
Autoradiographical studies revealed ATP␥S binding sites in the basolateral membrane of rat CD segments, which were competitively inhibited by UTP, suggesting the presence of P2Y 2 -like receptors (10) . Subsequent studies demonstrated the presence of mRNA for P2Y 2 receptors in rat CCD (37) ( Table  1) . Wildman et al. (97) reported the protein expression of P2Y 2 receptors in segments of rat CD and confirmed the mRNA expression of these receptors in microdissected CD ( Table 1 ). The proposed localization of P2Y 2 receptors to both apical and basolateral membranes of OMCD is consistent with the expression pattern found in other epithelia (30, 77) .
Functional evidence for P2Y 2 ] i in the isolated, perfused rabbit CCD and went on to demonstrate that the isolated, perfused CCD of the mouse responded to both basolateral as well as luminal ATP and UTP (EC 50 10 -23 M) with increases in [Ca 2ϩ ] i while luminal ADP had no effect. Functional evidence for apical P2Y 2 -like receptors in the CCD was confirmed in the rabbit (99) . Together, these studies provided functional evidence for the expression of both basolateral and luminal P2Y 2 -like receptors in principal cells of the CCD.
Inhibition of ENaC open probability by activation of P2Y 2 receptors. Regulation of the epithelial sodium channel ENaC plays a primary role in adapting renal reabsorption of sodium in physiological and pathophysiological states. Experiments by Koster et al. (43) in 1996 in cultured rabbit connecting tubule (CNT) and CCD cells provided first evidence for an inhibitory effect of ATP on sodium transport via ENaC, an effect that appeared to be independent of changes in [Ca 2ϩ ] i . Short-circuit current measurements in M-1 mouse CCD cells revealed that extracellular ATP inhibits amiloride-sensitive Na ϩ absorption through activation of P2Y 2 -like receptors located in the apical and basolateral membrane (13) . Follow-up studies in M-1 cells confirmed that the inhibitory effect of ATP on ENaC was independent of changes in [Ca 2ϩ ] i (85) . In 2002, Lehrmann et al. (47) showed in isolated, perfused CCD of mice kept on a low-salt diet that application of both ATP or UTP (100 M) reduces amiloride-sensitive short-circuit currents by 30 -50% when applied to the lumen and by 20% when applied from the basolateral surface, indicating that both luminal and basolateral activation of P2Y 2 -like receptors can inhibit ENaC-mediated Na ϩ reabsorption in that segment. Again, the inhibition occurred independently of an increase in [Ca 2ϩ ] i . Ma et al. (51) reported in the same year that the P2Y receptor agonist ATP␥S reduces the open probability (P o ) of apical ENaC in the A6 cell line, an amphibian cell line that can form a polarized and high-resistance epithelium.
The first in vivo evidence for an inhibitory effect of luminal ATP on Na ϩ reabsorption in the CD was provided by Shirley et al. (79) in 2005 in microperfusion experiments in rats maintained on a low-Na ϩ diet. Subsequent experiments with more selective agonists, however, failed to identify in vivo the receptor responsible for this inhibitory effect. Rieg et al. (69) observed in P2Y 2 Ϫ/Ϫ mice that despite having lower renal expression of the ␣-subunit of ENaC, amiloride-sensitive Na ϩ reabsorption was not significantly affected in these mice compared with WT mice. These in vivo findings would be consistent with the concept that lack of P2Y 2 receptor activation results in greater ENaC P o , while the observed compensatory decreases in circulating aldosterone concentrations and ENaC expression serve to normalize net ENaC activity. Moreover, smaller increases in plasma aldosterone were required to adapt renal Na ϩ excretion to restricted intake in P2Y 2 Ϫ/Ϫ mice, suggesting a greater aldosterone sensitivity and facilitation of renal Na ϩ retention (69) . This again could be explained by a greater ENaC P o in the absence of P2Y 2 receptors, since in this situation a smaller aldosteroneinduced increase in ENaC number in the apical membrane would be sufficient to induce a similar increase in total ENaC activity compared with WT mice.
To further clarify this point, Pochynyuk et al. (64, 65) performed patch-clamp studies in freshly isolated split-open CNTs and CCDs to show that ATP decreases ENaC P o and activity in both mouse and rat principal cells. UTP mimicked the effects of ATP and the use of P2Y 2 Ϫ/Ϫ mice revealed that the decrease in ENaC activity was primarily mediated via apical P2Y 2 receptors (Fig. 1 ). Concentration-response curves for the inhibitory effect of ATP and UTP on ENaC activity yielded IC 50 values of 33 Ϯ 2 and 49 Ϯ 2 nM, respectively (81) . Moreover, first evidence was presented for a tonic regulation of ENaC in the CD via locally released ATP inasmuch as scavenging endogenous ATP and inhibiting P2Y receptors rapidly increase ENaC P o and activity in WT mice, and ENaC resting P o was greater in CNT/CCD from P2Y 2 RϪ/Ϫ mice (64) . These findings demonstrated that locally released ATP acts in an autocrine/paracrine manner via P2Y 2 receptors to tonically regulate ENaC P o in the mammalian CD.
Inhibition of ENaC P o by P2Y 2 receptors involves activation of PLC and hydrolysis of anionic phospholipids. Ma et al. (51) showed that the P2Y receptor agonist ATP␥S reduces the P o of apical ENaC in the A6 cell line by activation of PLC (51) . They further showed in A6 cells that the regulation of ENaC by PLC-coupled receptors involves hydrolysis of the anionic phospholipid phosphatidylinositol 4,5-bisphosphate (PIP 2 ), and that the effects of PIP 2 are independent of ENaC trafficking (52). Pochynyuk et al. (64) (Fig. 1) (65) . As a consequence, switching from control to a high-salt diet lowered ENaC activity (NP o ) in WT and P2Y 2 Ϫ/Ϫ mice to 24 and 56% of control diet, respectively, such that ENaC activity was ϳ150% greater in knockout vs. WT mice when given a high-salt diet (65) . Similar effects on ENaC P o were observed with inhibition of apical ATP/P2Y receptor signaling (using suramin to block the receptors and hexokinase/glucose to remove ATP) in WT mice consistent with a dietary salt-dependent release of ATP/UTP from CNT/CCD that is preserved after harvesting these segments (Fig. 1) . Much has been learned about the mechanisms that regulate ENaC trafficking (7), which determines the number of ENaCs in the apical membrane of the ASDN, as well as the control of ENaC P o by proteolytic cleavage (41) . These new data show that dietary NaCl alters renal sodium reabsorption by regulating ENaC P o and that this regulation is mediated by the apical ATP/UTP/P2Y 2 receptor system (65) (Fig. 2) .
Consistent with the above concept, we observed (65) that a greater salt intake was associated with increased urinary-tocreatinine ratios of UTP as well as the ATP hydrolytic product, ADP, which may reflect greater ATP release in the ASDN and subsequent hydrolysis to ADP by ecto-ATPase activity (see below). Urinary ATP/creatinine ratios tended to be greatest in mice on a high-salt diet, but the values were more variable and lower than levels of UTP and ADP. The ratio of the sum of urinary ATP plus UTP to creatinine was significantly greater in mice on a high-salt diet (65) . Previous studies reported a ratio of 1:3-5 for extracellular UTP/ATP both in resting and mechanically stimulated nonexcitable tissue, which closely reflects the relative intracellular abundance of these nucleotides. These previous studies also implied a potential common source and possibly a common mechanism for the release of both ATP and UTP (45, 46) . Subsequent studies showed greater urinary ATP/creatinine ratios when dietary salt intake was increased (81) . Thus dietary salt can increase the urinary concentrations of both P2Y 2 receptor agonists, ATP and UTP. Even though ecto-ATPase activity and water reabsorption in downstream CDs and the bladder as a potential additional source of nucleotides (see below) are expected to affect luminal amounts of ATP and UTP, it is notable that the urinary concentrations of these two nucleotides were within the range of concentrations shown to alter ENaC activity in freshly isolated split-open CNT/CCD (81) .
Relevance of ATP/UTP/P2Y 2 receptor system for salt homeostasis and blood pressure regulation. Figure 3 aims to illustrate the integrated renal and blood pressure phenotype of P2Y 2 Ϫ/Ϫ mice. Deleting P2Y 2 receptors in mice caused a salt-resistant increase in blood pressure; i.e., an increase in salt intake did not augment the difference in blood pressure be- tween WT and P2Y 2 Ϫ/Ϫ mice (69). However, whereas heart rate was not affected by salt intake in WT mice, heart rate was reduced and inversely related to salt intake in P2Y 2 Ϫ/Ϫ mice, indicating activation of baroreceptors. In addition, plasma aldosterone levels were consistently lower in P2Y 2 Ϫ/Ϫ mice (69) . A dysfunction of arterial baroreceptors has been implicated in genetic forms of salt-sensitive hypertension in rats and humans (22) , and thus the increase in blood pressure in P2Y 2 Ϫ/Ϫ mice may be salt resistant because the baroreceptor response to variations in salt intake is intact, allowing the effective increase in renal salt excretion by lowering aldosterone and the antinatriuretic tone of the sympathetic nervous system (69).
P2Y 2 Ϫ/Ϫ mice have increased blood pressure, but amiloridesensitive renal sodium excretion is not significantly increased compared with WT mice on a regular NaCl diet (69), consistent with a similar net ENaC activity (NP o ) in isolated CNT/CCD patches harvested in P2Y 2 Ϫ/Ϫ and WT animals on a normal-salt diet (65) . The lower plasma aldosterone concentrations can explain the lower renal ␣ENaC expression observed in P2Y 2 Ϫ/Ϫ mice and help normalize ENaC activity in the face of greater ENaC P o . Higher blood pressure in the presence of "normal" net ENaC activity, however, implies that P2Y 2 Ϫ/Ϫ mice have additional blood pressure-related defects, consistent with a proposed greater expression and activity of NKCC2 in the TAL (69) .
To test for a compensatory role of the suppressed aldosterone levels, we compared chronic effects of DOCA plus high salt intake in P2Y 2 Ϫ/Ϫ and WT mice. Elimination of differences in mineralocorticoid tone between genotypes unmasked the functional consequences of lacking an inhibitory tone on ENaC P o in P2Y 2 Ϫ/Ϫ mice, causing greater upregulation of net ENaC activity as well as NaCl sensitivity of blood pressure compared with WT mice (65) . These effects in P2Y 2 Ϫ/Ϫ mice were associated with blunted DOCA-induced NaCl intake. DOCA is known to induce NaCl appetite or intake; i.e., when treated with DOCA and given the choice of water or NaCl solution, WT mice prefer to drink the NaCl solution. P2Y 2 Ϫ/Ϫ mice actually preferred tap water over the NaCl solution. Why knockout mice avoided the NaCl solution remained unclear, but the decrease in NaCl ingestion prevented an even greater increase in blood pressure (65) .
The patch-clamp analysis of DOCA-treated mice further indicated that the lack of P2Y 2 receptors blunts the dietary NaCl-induced suppression of the number of active ENaC per patch. This was not observed in the absence of DOCA, indicating that DOCA sensitizes active ENaC expression in the apical membrane to a P2Y 2 receptor-mediated inhibitory influence. These studies implicate a potential influence of the ATP/UTP/P2Y 2 receptor system on ENaC that goes beyond the regulation of P o (65) . Moreover, these data provide strong evidence for a prominent role of P2Y 2 receptor signaling in suppression of ENaC activity, when sodium transport is activated by high levels of mineralocorticoids in combination with high NaCl intake as observed in aldosterone escape (65, 81) .
In addition to renal salt and fluid handling, P2Y 2 receptors have also been implicated in ATP-evoked relaxation of the murine aorta (27) . Moreover, P2Y 2 receptors mediate the acute nitric oxide-independent blood pressure-lowering effect of the P2Y 2 /P2Y 4 receptor agonist P1-(inosine 5=-)P 4 -(uridine 5=-) tetraphosphate, or Ip4U, indicating P2Y 2 receptor-induced vascular responses to endothelium-derived hyperpolarizing factor (70) . In addition to vasodilation, the latter studies also implicated the P2Y 2 receptor in Ip4U-induced inhibition of renal sodium reabsorption, suggesting the potential utility of P2Y 2 agonism in the treatment of hypertension (70) . Based on the phenotype in knockout mice, we proposed that a blunting of P2Y 2 receptor expression or activity is a new mechanism for salt-resistant arterial hypertension (69), which is part of the emerging role of P2 receptors in cardiovascular regulation and pathophysiology (20) . Future studies will need to address the therapeutic potential and follow up on first genetic studies that associated polymorphisms in the gene for the P2Y 2 receptor with essential hypertension in Japanese men (94) and with blood pressure in African Americans (23) .
Cx30 mediates dietary salt-induced increases in luminal ATP in CNT/CCD. The molecular mechanisms involved in the regulation of ATP/UTP concentrations at the apical membrane of the ASDN in general and following changes in salt intake are unclear but potentially may include changes in secretion and breakdown. Compared with further upstream nephron segments, the luminal expression of ecto-nucleotidases in the CCD and OMCD appears rather low and primarily localized to Fig. 3 . Integrated renal and blood pressure phenotype of P2Y2 receptor knockout mice. The renal expression and activity of Na-K-2Cl cotransporter (NKCC2) and aquaporin-2 (AQP2) are enhanced in P2Y2Ϫ/Ϫ mice, which increases NaCl and fluid reabsorption via these pathways. The increased ENaC Po also facilitates Na ϩ reabsorption. Impaired renal NaCl and fluid excretion increases the effective circulating volume (ECV), which enhances blood pressure (BP) and suppresses renal sympathetic nerve activity (RSNA) and the reninangiotensin-aldosterone-system (RAS). Activation of baroreceptors (BR) reduces heart rate (HR) to lower BP. Suppression of aldosterone downregulates ENaC expression, which compensates for a greater Po and normalizes net Na ϩ reabsorption via ENaC. We speculate that lower RSNA and the greater BP via pressure natriuresis (54) inhibit proximal tubular reabsorption of NaCl and fluid. Since the glomerular filtration rate and thus the filtration of NaCl and fluid are normal in P2Y2Ϫ/Ϫ mice, this induces greater deliveries of NaCl and fluid out of the proximal tubule. Greater NaCl reabsorption via NKCC2 in water-impermeable TAL normalizes net NaCl delivery but causes the delivery of greater amounts of more hypotonic fluid to the early distal convoluted tubule. When the vasopressin system and thus the distal water permeability are suppressed, the latter facilitates free water clearance. Under basal conditions, however, the excess water is reabsorbed via increased AQP2 activity, such that net urinary NaCl and fluid excretion is normal in P2Y2Ϫ/Ϫ mice. The inhibitory influence of P2Y2 receptors on vascular tone is not illustrated. Modified from Ref. 69. intercalated cells (for a review, see Ref. 88 ). As a consequence, ATP being released into the lumen by principal cells may be rather stable and able to stimulate ATP-sensitive P2 receptors to regulate transport mechanisms in an autocrine and paracrine way. Recent studies by Sipos et al. (80) suggested that the gap junction protein Cx30 may function as a hemichannel in the luminal release of ATP in the murine CD. They performed elegant studies in isolated split-open CDs to show that flow-induced ATP release is inhibited in Cx30 knockout (Cx30Ϫ/Ϫ) mice (80) . Moreover, Cx30Ϫ/Ϫ mice have significantly lower urinary ATP/creatinine ratios with a control diet compared with WT mice. Importantly, also the bulk of the increase in urinary ATP observed in WT mice in response to high salt intake was prevented in Cx30Ϫ/Ϫ mice (81), supporting the concept that Cx30 expression, directly or indirectly, contributes to the regulation of renal epithelial ATP release by dietary salt. Mironova et al. (55) further tested this concept and performed patch-clamp studies in isolated split-open CNT/ CCD. They found that ENaC activity and ENaC P o were still sensitive to changes in salt intake in Cx30Ϫ/Ϫ mice, but ENaC P o remained greater in the knockout mice on normal and high salt intake and total ENaC activity was greater with a high-salt diet vs. WT mice (55) . These effects are likely to contribute to the observation that Cx30Ϫ/Ϫ mice show salt-sensitive increases in blood pressure that are prevented by the ENaC inhibitor benzamil as well as to the impaired pressure-induced natriuresis observed in these mice (80) . Overall, these findings implicate Cx30 in local ATP release in the ASDN and that this contributes to the control of ENaC by dietary salt such that loss of this regulation affects sodium homeostasis and blood pressure (Fig. 2) . Additional studies with DOCA/high salt revealed that Cx30 is required for normal DOCA escape of ENaC as indicated by significantly greater ENaC activity in Cx30Ϫ/Ϫ mice (55), similar to the above studies in P2Y 2 Ϫ/Ϫ mice. In contrast to Cx30Ϫ/Ϫ mice, mice lacking P2Y 2 receptors have completely lost the downregulation of ENaC P o by dietary salt or the upregulation of ENaC P o by aldosterone. Further studies are needed to test whether this reflects other pathways of ATP release and whether Cx30 is also a determinant of UTP release. Other connexin isoforms have been proposed to be expressed in the distal nephron including Cx30.3 and Cx37, and it remains to be determined whether they are also involved in nucleotide release and/or formation of heteromers with Cx30 (29) . Further studies are needed to clarify whether Cx30 is an actual conduit for ATP secretion or a regulator of nucleotide release.
Interestingly, McCulloch et al. (53) proposed that the renal expression of rabbit and murine Cx30 is mostly restricted to intercalated cells of the CNT/CCD, indicating a potential role of these cells in the regulation of luminal ATP release (Fig. 2) . As noted above, also the luminal expression of ecto-ATPases as well as 5=-ectonucleotidase, which converts AMP to adenosine, although rather low, appears to be primarily localized to intercalated cells. The relevance of this constellation is unclear but could implicate a concerted regulation of the luminal availability of ATP/UTP by both secretion and local breakdown by these cells. In comparison, high expression of Cx30 was found throughout the luminal membrane continuously from the medullary TAL to the medullary CD system in the rat kidney, including principal cells, with the highest level in the distal convoluted tubule (53) , indicating significant species differences.
What regulates release of ATP/UTP in CNT/CCD in response to salt intake or during aldosterone escape? As noted above, Cx30 in intercalated cells potentially contributes to ATP/UTP release by dietary salt. Nonetheless, principal cells in the ASDN (31) as well as upstream cells in the proximal tubule (92) and the TAL (26, 33) are also potential sources of nucleotide release following an increase in salt intake. The prominent expression of ecto-ATPases in upstream tubular segments may limit their influence with regard to the delivery of ATP/UTP to the ASDN. Cell swelling is well established to induce tubular and CD ATP release, and the apical monocilia in the CD may sense the luminal flow rate to trigger the release of ATP (26, 33, 76, 80) . Cell volume may determine luminal ATP release from CD cells in response to manipulating water homeostasis (see Ref. 72 and below), which may help to stabilize cell volume, but its role and specific usefulness in salt homeostasis is less clear. ENaC-mediated sodium uptake in principal cells is lower in response to a high-salt diet, which may reduce rather than increase cell volume. Whether a highsalt diet induces a sustained cell volume increase in intercalated cells to trigger ATP/UTP release via Cx30 remains to be determined. Notably, Cx30 has been implicated in flow-induced ATP release from the CD (80) . Whether this is the primary stimulus relevant for the role of Cx30 in response to changes in salt intake is unclear. Changes in CD flow rate associated with a high salt intake can be modest, and not all changes in CD flow rate are associated with enhanced urinary ATP (Ref . 72 and see below) . Alternatively or in addition, the local release and possibly breakdown/conversion of ATP/UTP in the ASDN may be directly or indirectly under the control of hormones involved in salt homeostasis. We observed that treatment of WT mice with DOCA increased the number of active ENaC and ENaC P o in isolated CNT/CCD; in comparison, DOCA did not alter ENaC P o in P2Y 2 Ϫ/Ϫ mice (65) . This is consistent with the notion that mineralocorticoids increase ENaC P o by suppressing the inhibitory influence of the ATP/UTP/P2Y 2 receptor system (Fig. 2) . Previous studies have shown that mineralocorticoids enhance ENaC P o in A6 amphibian renal cells, a model for the mammalian distal nephron (16, 35, 48) . Further studies are necessary to test these pathways/hypotheses. The mechanisms are likely different in mineralocorticoid escape (e.g., DOCA plus a high-salt diet), when ATP and/or UTP release may primarily be due to changes in cell volume (69, 72, 84, 93) as a consequence of DOCA-induced overactive sodium transport and/or increases in tubular flow rate.
Role for P2Y 2 -like receptors in inhibition of K ϩ secretion in ASDN. Patch-clamp studies of the apical membrane in splitopen mouse CCD revealed that both ATP and UTP inhibited the small-conductance K ϩ channel of principal cells (49) , thus implicating a P2Y 2 -like receptor in the regulation of renal K ϩ secretion. This effect may involve an increase in protein kinase G-sensitive phosphatase activity, which increases channel dephosphorylation (49) . In contrast, in vitro studies have linked P2Y 2 receptor activation to an increased activity of big-conductance Ca 2ϩ -activated K ϩ (BK) channels (28) , which also contribute to basal renal K ϩ secretion (73) . The BK channel is of particular interest since an increase in tubular flow cannot only increase ATP release and P2Y 2 receptor activation (33) but stimulates K ϩ secretion via the BK channel in the ASDN, which may involve P2Y 2 receptor-induced increases in [Ca 2ϩ ] i , known to activate BK channels (63, 73, 98) . Moreover, flow-induced ATP release in CD principal cells involves the primary monocilium (31) , and studies in Madin-Darby canine kidney cells showed that the increase in [Ca 2ϩ ] i associated with bending of the primary cilium activates the BK channels (66) .
Mice lacking P2Y 2 receptors have normal total renal excretion of K ϩ , despite lower plasma concentrations of both K ϩ and aldosterone, which are primary stimulators of renal K ϩ excretion (69). This provided indirect evidence for a facilitated renal K ϩ excretion in P2Y 2 Ϫ/Ϫ mice on a standard-K ϩ diet. Since net ENaC activity seems normal in P2Y 2 Ϫ/Ϫ mice, greater ENaC activity is unlikely to explain this effect. However, it would be consistent with the proposed inhibitory influence of P2Y 2 -like receptors on the small-conductance K ϩ channel in principal cells discussed above. Facilitation of urinary K ϩ excretion in P2Y 2 Ϫ/Ϫ vs. WT mice dissipated in response to a high-K ϩ diet (69) . Further studies are needed to test whether this may reflect increasing contributions of P2Y 2 receptor-stimulated BK channels under these conditions.
P2Y 2 Receptors and Water Transport in the CD
The antidiuretic hormone AVP is the primary regulator of water reabsorption in the renal CD and critically involved in the regulation of water balance and maintenance of plasma osmolality. AVP acts on the CD through the Gs proteincoupled vasopressin V 2 receptor (V 2 R) to stimulate adenylyl cyclase (AC) and thus the synthesis of cAMP (71) . cAMP activates PKA, which phosphorylates the water channel aquaporin-2 (AQP2), thereby resulting in apical plasma membrane insertion/retrieval of AQP2 (57) (Fig. 4) . Importantly, AVPmediated effects on water reabsorption are modulated by local factors. Local mechanisms may fine tune the effects induced by AVP to bodily needs and serve to more rapidly adapt CD water transport until changes in AVP concentrations (plasma half-life of 10 -35 min) (14) can take over. These effects may also protect CD cells from excessive changes in cell volume as a consequence of rapid changes in extracellular osmolality. A perturbation in CD cell volume may release local factors and thus serve as a sensor of changes in plasma osmolality to accelerate AVP responses as well as to maintain cell volume and integrity. As illustrated in Fig. 4 , local AVP-counterregulatory factors released from CD principal cells include endothelin-1 (ET-1) (42) and PGE 2 (5) . In the following, we outline the evidence that the CD system also releases nucleotides like ATP/UTP in response to changes in cell volume and that these nucleotides act locally, including the activation of P2Y 2 receptors, to modulate water transport (40, 67, 72, 88) .
P2Y 2 receptor expression in the medullary CD and inhibition of AVP-induced water permeability by activation of P2Y 2 -like receptors. P2Y 2 receptor mRNA and protein are present in the inner medullary collecting duct (IMCD) of the rat (37) . Protein expression of P2Y 2 receptors has been localized in intercalated cells of the medullary CD (86) as well as in both apical and basolateral membranes of principal cells of the IMCD (37, 97) ( Table 1 ). Whereas mRNA expression was not changed with acute water loading (70a) or hydration for 48 h (39), protein expression of the P2Y 2 receptor was enhanced in the rat inner medulla by hydration for 48 h (39). In contrast, infusion of the V 2 R agonist dDAVP for 5 or 6 days decreased P2Y 2 receptor protein abundance by ϳ60% in the rat inner medulla (83) .
Several studies in the rabbit and rat CCD, OMCD, and IMCD used the application of ATP and/or UTP to provide evidence for a P2Y 2 -like receptor that activates a PLC/Ca 2ϩ / PKC signaling pathway, thereby inhibiting cAMP formation and AVP-stimulated osmotic water permeability (9, 17, 18, 36, 75) (Fig. 4) . Studies in mpkCCD cells indicated that P2Y 2 receptors are translocated to the basolateral membrane in response to AVP and mediate the downregulation of AQP2-mediated water transport in response to basolateral ATP (96) . Experiments in isolated IMCD suggested that ATP, by activation of P2Y 2 -like receptors, can stimulate the release of PGE 2 by activation of cyclooxygenase 1 (17, 82, 95) . Notably, urinary PGE 2 and ATP␥S-induced stimulation of PGE 2 release in freshly isolated IMCD preparations were greater in hydrated Fig. 4 . Proposed model for cell volume-dependent ATP release and water transport inhibition by P2Y2 receptor activation in inner medullary collecting duct (IMCD) cells. AVP activates the vasopressin V2 receptor (V2R) to stimulate AQP2-mediated water entry, which increases cell volume. The latter increases basolateral and apical release of ATP (and potentially UTP?) by an unknown mechanism. P2Y2 receptor activation inhibits water reabsorption via multiple signaling pathways and stimulates volume-regulatory K ϩ channels as shown in other cell types. These effects help to normalize cell volume and accelerate the excretion of free water in response to water loading before circulating AVP levels fall. In the latter situation, the relative hypotonic extracellular fluid increases cell volume. AC, adenylyl cyclase; COX1, cyclooxygenase 1; CREB, cAMP-responsive element-binding protein; DAG, diacylglycerol; EP3, PGE2 E3 receptor; ET-1, endothelin 1; ETB, endothelin B receptor; Gi, inhibitory G protein; Gq, Gs, stimulatory G protein; P, phosphorylation; UT-A1, urea transporter A1. Modified from Refs. 72 and 88. rats compared with control rats, whereas the response to ATP␥S was blunted in IMCD of dehydrated rats (82) . Based on the upregulation of P2Y 2 receptors and ATP-induced PGE 2 release in IMCD of hydrated rats, Kishore and colleagues (39) proposed that an AVP-independent regulation of IMCD function by P2Y 2 receptors may serve to facilitate renal free water excretion.
Lack of P2Y 2 receptors affects expression of water channels and urea transporters in the kidney. We observed that the expression of AQP2 in the renal medulla is increased in P2Y 2 Ϫ/Ϫ mice compared with WT mice, with free access to food and water, despite similar urinary AVP concentrations (69) . Zhang et al. (104) confirmed these findings in mice fed a gel diet along with an increased expression of urea transporters UT-A1 (Figs. 3 and 4) and UT-A2 (in CD and thin descending limb of Henle's loop, respectively). Inner medullary protein expression of AQP2, AQP3, and UT-A1 were also greater in P2Y 2 Ϫ/Ϫ compared with WT mice during chronic activation of V 2 R (dDAVP given by osmotic minipumps for 5 days) (104) . These findings indicate an inhibitory influence of P2Y 2 receptors on the protein expression of these water channels and urea transporters.
Enhanced AVP-dependent cAMP formation and water transport in P2Y 2 Ϫ/Ϫ mice. Consistent with an inhibitory influence of P2Y 2 receptors on AVP-induced cAMP formation, we found greater basal urinary cAMP excretion in P2Y 2 Ϫ/Ϫ than WT mice despite similar urinary AVP levels. Moreover, studies in freshly isolated IMCD showed that the more stable ATP analog, ATP␥S, inhibited the stimulation of cAMP formation by the V 2 R agonist dDAVP in WT but not in P2Y 2 Ϫ/Ϫ mice (69) . Furthermore, acute V 2 R blockade elicited a significantly greater diuresis and electrolyte free water clearance (Cl e -H 2 O) in P2Y 2 Ϫ/Ϫ compared with WT mice and reduced urinary cAMP excretion to similar levels (69), demonstrating the greater V 2 R-mediated renal cAMP formation and water reabsorption in P2Y 2 Ϫ/Ϫ mice (Figs. 3 and 4) . The fact that basal urinary excretion of fluid and Cl e -H 2 O were not different between P2Y 2 Ϫ/Ϫ and WT mice is consistent with their similar fluid intake and was proposed to be the consequence of a greater delivery of a more hypotonic fluid to the distal nephron segments in P2Y 2 Ϫ/Ϫ mice, which relates to the integrated renal and blood pressure phenotype of these mice (Fig. 3) (69, 72, 88) . Under basal conditions, the hyperactivity of the V 2 R-AQP2 system reabsorbs the excess water delivery, resulting in normal net fluid excretion in P2Y 2 Ϫ/Ϫ mice. Together, the data are consistent with the concept that P2Y 2 receptor activation inhibits the AVP-induced cAMP formation and water transport in the CD (69) .
How does a lack of P2Y 2 receptors affect the response to acute water loading? Acute oral water loading revealed a similar increase in Cl e -H 2 O in P2Y 2 Ϫ/Ϫ and WT mice, even though urinary vasopressin and cAMP excretion remained significantly higher in knockout mice, and this was associated with significantly greater increases in urinary PGE 2 compared with WT mice (69) . Similar differences between genotypes were observed in preliminary studies with chronic water loading (0.6 M glucose in drinking water for 7 days) (68) . A similar increase in Cl e -H 2 O despite a lesser suppression of the vasopressin/cAMP axis indicates a facilitated rather than attenuated ability to enhance free water excretion in P2Y 2 Ϫ/Ϫ mice. This may be explained by a greater delivery of a more hypotonic fluid to the distal tubule (Fig. 3) as well as the greater PGE 2 release in mice lacking P2Y 2 receptors. The latter response was unexpected based on the concept that P2Y 2 receptor activation increases the release of PGE 2 in the CD (see above). Greater urinary PGE 2 excretion has also been described in P2Y 2 Ϫ/Ϫ vs. WT mice in response to a high-salt diet (102) . The greater PGE 2 release in P2Y 2 Ϫ/Ϫ mice implied a role for other P2 receptors in ATP-induced PGE 2 release, and/or the lack of P2Y 2 receptors enhanced the release of PGE 2 by other mechanisms. The latter may include a proposed inhibitory effect of P2Y 2 -like receptors on ET-1 mRNA, release, and effects in IMCD (9, 32) (Fig. 4) . Whether ATP-induced inhibition of the endothelin system is physiological relevant and results in greater activation of this system in response to water loading in P2Y 2 Ϫ/Ϫ mice, which could enhance ET B -mediated PGE 2 formation and free water excretion (25, 42) , remains to be determined.
Treatment of WT mice with indomethacin for 30 min before an acute oral water load almost completely inhibited urinary PGE 2 excretion and blunted the urine flow response in the 2-h experimental period (72) . Remarkably, treatment of P2Y 2 Ϫ/Ϫ mice with indomethacin before water loading reduced urinary PGE 2 excretion to the levels observed in WT mice without indomethacin treatment, and the responses in urinary flow rate and Cl e -H 2 O were unaffected compared with untreated P2Y 2 Ϫ/Ϫ mice. Whether this is due to incomplete cyclooxygenase inhibition in P2Y 2 Ϫ/Ϫ or involves indomethacin-insensitive PGE 2 formation, needs to be determined, but stresses potential differences in the quantitative or qualitative role of PGE 2 in P2Y 2 Ϫ/Ϫ mice.
Cell volume-dependent and AVP-induced nucleotide release in CD cells. IMCD cells respond to AVP stimulation with an increase in cell volume (24) , which is a known stimulus for ATP release (see above). Measuring urinary ATP excretion while manipulating water homeostasis in P2Y 2 Ϫ/Ϫ and WT mice provided indirect evidence for a cell volume-dependent ATP release in CD in vivo (69) (Fig. 5) . We observed that urinary ATP excretion was similar in P2Y 2 Ϫ/Ϫ compared with WT mice during inhibition of water transport by V 2 R blockade but modestly greater under basal conditions and much greater in response to acute water loading in P2Y 2 Ϫ/Ϫ compared with WT mice as shown in Fig. 5 . Moreover, V 2 R blockade and acute water loading both increased urinary flow rate and, therefore, probably exposed the urothelial cells of the lower urinary tract (including the bladder) to similar distension and luminal hypotonicity. However, the two maneuvers had opposite effects on urinary ATP excretion, which indicates that urinary flow rate alone is not a good predictor of urinary ATP excretion and argues against the notion that the exposure of the urothelial cells of the lower urinary tract to distension and hypotonicity is a dominant determinant of urinary ATP excretion following V 2 R blockade and water loading. Based on these data, we further propose that acute water loading increases ATP release in CD, which is secondary to increases in CD cell volume due to a reduction in extracellular tonicity. The released ATP activates P2Y 2 receptors to inhibit CD water uptake and thereby limits the increase in cell volume and the stimulus for ATP release. This feedback mechanism on cell volume is missing in P2Y 2 Ϫ/Ϫ mice, and therefore they release more ATP than WT mice following acute water loading. In contrast, acute blockade of V 2 R reduces CD cell volume (which may include blockade of apical water entry and/or basolateral NaCl uptake) (11), thus offsetting the basal, AVP-, and cell volume-induced ATP release, thereby eliminating differences in ATP release between P2Y 2 Ϫ/Ϫ and WT mice (Figs. 4 and 5 ). In accordance, Odgaard et al. (60) proposed AVP-induced ATP/UTP release in isolated, perfused mouse CCD using a biosensor cell approach with stable transfection of the human P2Y 2 . The proposed concept would be consistent with an autocrine/paracrine signaling role of ATP release and P2Y/P2Y 2 receptor activation in volume regulation, as suggested for other epithelia and cells (12, 21, 61, 74, 93) , but needs to be confirmed with more direct assessment of cell volume regulation in mice lacking P2Y 2 receptors.
P2Y 2 receptors in renal pathophysiology. Studies by Zhang et al. (103) showed that lithium-induced nephrogenic diabetes insipidus (NDI) in rats is associated with reduced medullary CD mRNA expression of the P2Y 2 receptor and that purinergic signaling in the medullary CD is sensitized to activation of a P2Y 2 -like receptor, i.e., P2Y 2 or P2Y 4 , with regard to increased production of PGE 2 . Zhang et al. (101) used bilateral ureteral obstruction and release (BUO/R) as a model of postobstructive uropathy and polyuria and found a ϳ3.5-fold greater inner medullary P2Y 2 protein expression compared with sham rats. Moreover, both ATP and UTP induced greater PGE 2 release from freshly isolated medullary CD of BUO/R rats compared with sham rats, indicating augmented signaling via a P2Y 2 -like receptor. Further studies in P2Y 2 Ϫ/Ϫ mice are needed to establish any functional relevance of the P2Y 2 receptors in these models.
Summary and Perspectives
We are beginning to appreciate the physiological relevance of cellular nucleotide release and the multitude of cellular processes and functions that are being regulated by extracellular nucleotides acting on P2 receptors in the plasma membrane. This includes the kidney, where the regulation of ENaC by the apical ATP/UTP/P2Y 2 receptor system in the CNT/CCD in response to changes in dietary salt is one rather well-understood example. This example also points to the fact that local nucleotide/P2 receptor systems are not only used to preserve cell volume and integrity but that nucleotide release can be regulated by stimuli that derive from the homeostasis of the whole organism. Moreover, the implication of Cx30 in the regulation of nucleotide release by dietary salt is an important step to better understand the molecular nature of renal epithelial nucleotide release pathways and may help to further define the signals and signaling cascades involved in their regulation. We have gained first insights into the renal localization of P2Y 2 receptor expression and their function under basal condition but still know very little about how the expression is regulated and affected by physiological and pathophysiological conditions. Even less is known about the regulation along the tubular and CD system of the enzymes involved in nucleotide degradation and interconversion or the interactions between nucleotide and adenosine receptor-mediated signaling including the formation of receptor heteromultimers (e.g., for P2Y 2 and adenosine A 1 receptors) (1, 58) . Dual effects of P2Y 2 receptor activation on both the vasculature and renal salt reabsorption implicate these receptors as potential therapeutic targets in hypertension. To better define the functional role and therapeutic potential, specific and more stable P2Y 2 receptor antagonists and agonists are very much needed.
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